ABSTRACT Sitophilus zeamais Motschulsky, 1855 (Coleoptera: Curculionidae) is one of the most aggressive pests of stored grains, causing signiÞcant decrease in the nutritional quality of the grains and major losses in economic trade. The ability of this pest to damage grains and other products is directly related to the morphology of the alimentary canal. Considering the importance of the foregut in the digestion, this study aimed to describe the morphology of the crop and proventriculus in S. zeamais adults. The tissues were isolated, processed, and analyzed by using light microscopy, scanning electron microscopy, and transmission electron microscopy. The crop functioned as a storage organ, and its cells showed functional characteristics related to protein synthesis. High densities of prokaryotic microorganisms and spicules were found in the lumen. The proventriculus exhibited eight chitinous teeth, which were responsible for grinding and Þltering food particles. This organ formed the stomodeal valve, which controlled the unidirectional ßow of food through the alimentary canal. The alimentary canal is the primary surface of contact between the external environment and an insectÕs internal environment, and knowledge of its morphology is required to better understand the physiology of stored-grain insect pests.
predigestion (Baker et al. 1984) and absorption (Hoffman and Downer 1976; Agarwal 1976, 1977) . The proventriculus is responsible for crushing and Þltering food particles (Serrão 2001 (Serrão , 2005 (Serrão , 2007 Rubio et al. 2008) , and in termites, it is related to modiÞca-tions of lignocellulosic Þbers, allowing the action of cellulases and hemicellulases (Fujita et al. 2010 ). Thus, it represents the most specialized region of the alimentary canal.
In Coleoptera, the proventriculus is divided into two parts: the proventriculus bulb, located at the base of the crop, and the stomodeal valve, located in the midgut lumen (Rubio et al. 2008, Bu and Chen 2009) . The insectÕs foregut is ectodermal in origin, and thus, is lined by the intima (Snodgrass 1993) . In some species, the proventriculus intima is highly developed, and spicules rise from it, forming the bulb (Davey and Treherne 1963 , Serrão 2007 , Rubio et al. 2008 , Bu and Chen 2009 ). This structure limits the transport of large and nondigestible particles to the midgut (Sá nchez et al. 2000 , Rubio et al. 2008 . The stomodeal valve represents a portion of the foregut that has invaginated into the lumen of the midgut. It controls the initial food ßow through the alimentary canal (Snodgrass 1993) .
Sitophilus zeamais Motschulsky, 1855, popularly known as beetle or weevil, is one of the most aggressive pests that feed on stored grains, resulting in a signiÞcant decline in the nutritional quality of the grains and major losses in the global economy. According to Ramalho et al. (1976) , the economic damages associated with maize infestation may reach 60% in 6 mo, with decrease in grain weight of Ͼ15%. This species also reportedly damages apples, grapes, and peaches (Boneti et al. 1999 , Botton et al. 2005 , Giacobbo et al. 2005 .
Knowledge of the insectÕs internal morphology is essential for a better understanding of its physiological process and the development of pest control strategies. Although the impact of S. zeamais infestation is economically important, reports that describe the internal morphology of this pest are limited. This study aimed to describe the functional morphology of the crop and proventriculus of S. zeamais adults.
Materials and Methods
Insects. Ten male and female adults of S. zeamais were used in each analysis, and they were obtained from breeding stocks of the Laboratory of Insect Morphology and Cytogenetics of the State University of Maringa, Paraná, Brazil. The insects were kept under the following conditions: 30 Ϯ 1ЊC, relative humidity (RH) of 70 Ϯ 10%, 12-h photoperiod, and fed on maize grains (Zea mays L., AG 9010 PRO).
Histological Analysis. The insects were dissected in insect saline solution (0.1 M NaCl, 0.1 M Na 2 HPO 4 , and 0.1 M KH 2 PO 4 ). The crop and proventriculus were collected and Þxed in Bouin alcoholic solution for 7 h. The tissues were dehydrated in an ethanol progressive series (70, 80, 90, and 100%) , cleared in xylol, embedded in histological parafÞn, and cut into 6-m-thick sections by using a Leica RM 2250 microtome. The sections were stained with hematoxylin and eosin (Junqueira and Junqueira 1983) , examined under an Olympus microscope, and photographed by using a Samsung PL 120 digital camera.
Whole Mount Preparation. After dissection, the proventriculus was immersed in 10% KOH solution for 3 h (Kissinger 1963) . The tissues were dehydrated by using an ethanol crescent series (70, 80, 90, and 100%) , cleared in xylol, sectioned, mounted on glass slide, and inÞltrated with Entellan (Merck, Germany) synthetic resin. The slides were examined under an Olympus microscope and photographed by using a Samsung PL 120 digital camera.
Scanning Electron Microscopy. The crop and proventriculus were isolated and Þxed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) for 48 h at ambient temperature, and then washed with distilled water. The fragments were postÞxed in 1% osmium tetroxide in distilled water for 30 min, and dehydrated by using an ethanol progressive series (7.5, 15, 30, 50, 70, 90, and 100%) . The tissues were dried in a Leica CPD 030 critical point dryer and coated with gold by using a Baltec SCD 050 sputter coater. The material was then examined and imaged by using a Fei Company Quanta 200 scanning electron microscope at the Electron Microscopy Center of the Biosciences Institute, UNESP, Botucatu, Spain.
Transmission Electron Microscopy. The tissues were Þxed in 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3) for 24 h at ambient temperature, and then postÞxed in 1% osmium tetroxide in the same buffer for 2 h. After washing in distilled water, the tissues were contrasted by using an aqueous solution of 0.5% uranyl acetate for 2 h, dehydrated by using an acetone crescent series (50, 70, 90, and 100%) , and embedded in Araldite resin. UltraÞne sections were contrasted by using lead citrate and uranyl acetate, and then examined and imaged in a Fei Company Tecnai Spirit transmission electron microscope at the Electron Microscopy Center of the Biosciences Institute, UNESP, Botucatu, Spain.
Results
The crop was a saclike organ, located between the esophagus and proventriculus (Fig. 1A) . The musculature, composed of an external narrow layer of circular muscles and an internal thick layer of longitudinal muscles, covered the simple epithelium, which varied in shape from cuboidal to ßattened ( Fig. 1B and  C) . The cytoplasm of the epithelial cells contained free ribosomes, electron-dense mitochondria, and rough endoplasmic reticulum (Fig. 1D) . The nucleus occupied most of the cell volume and showed sparse euchromatin and multiple nucleoli (Fig. 1E) . The epithelial cells were covered by the intima, which was composed of a thick electron-lucid endocuticle and a thin electron-dense epicuticle (Fig. 1E ). In the region of transition between the cell surface and the intima, the cells showed cytoplasmic projections (Fig. 1D) . Spicules occupying most of the lumen and interacting with the food rose from the intima (Fig. 1B, C , and E). The crop formed internal folds (Fig. 1B) , and huge numbers of bacteria were observed in the lumen (Fig.  1E) .
Posterior to the crop was the proventriculus (Fig.  1A) , which was divided into two regions: the anterior extremity, located at the base of the crop, comprising the proventriculus bulb, and the posterior extremity, formed by the stomodeal valve invaginated within the midgut.
A thick acidophilic circular musculature externally surrounded the proventriculus bulb, and was composed of two layers. The external layer was thin and continuous around the organ, and the internal layer was thick and segmented into eight bundles ( Fig. 2A) . On the musculature was a slightly basophilic epithelium. The epithelial cells varied in shape from columnar to cuboidal. They showed round nuclei located near the basal region, which presented sparse euchromatin and few heterochromatic regions, and the cytoplasm exhibited a high number of mitochondria of various shapes and sizes, free ribosomes, lipid droplets, and rough endoplasmic reticulum ( Fig. 2B and C) . The epithelial cells were covered by the intima at the apical extremity (Fig. 2AÐC) . Chitinous spicules, which joined laterally and formed plates, rose from the intima (Fig. 2C ). In the proventriculus lumen, the plates were arranged together, forming rows of plates, which associated in pairs and formed teeth. The proventriculus bulb exhibited eight chitinous teeth ( Fig. 2A) .
The chitinous teeth of the proventriculus consisted of three regions: cushion of bristles, median bristles, and posterior bristles ( Fig. 2D and E) . The cushion of bristles was located at the extreme end, close to the crop. The structure was composed of thick and small spicules, oriented toward the midgut. The median bristles were formed by a set of thin spicules joined by plates, representing the central region of the teeth (Fig. 2 F) , and the posterior bristles were at the base of the stomodeal valve and were larger than the median bristles (Fig. 2G) .
The stomodeal valve was located posterior to the proventriculus bulb and was formed by epithelial invagination (Fig. 3AÐC) . The valve was round and contained eight curved epithelial projections that penetrated the midgut (Fig. 3B) . Each projection consisted of two epithelial cell rings, which represented the external and internal epithelia of the valve and were separated by a circular muscle Þber layer (Fig.  3A) . The epithelial cells in the internal ring were cuboidal and basophilic, whereas the epithelial cells in the external ring were columnar. Both epithelial layers were covered by the intima (Fig. 3A) . Chitinous spicules were located in the central region of each projection of the internal ring (Fig. 3B) . The ultrastructure of the epithelial cells consisted of electron-dense cytoplasm with mitochondria and few rough endoplasmic reticuli. The nuclei located in the basal region of the epithelial cells were generally extended, and the apical cytoplasm presented lipid droplets and membranous vacuoles with electron-lucent contents (Fig.  3D) . The apical membrane showed cytoplasmic extensions in the intima, which was thin compared with the crop and the proventriculus. Tight junctions were observed in the lateral apical membrane (Fig. 3D) .
Discussion
The crop of S. zeamais was a temporary storage area for food particles, as in other insects (Dennell 1942 , Balogun 1969a ). When storing food, the crop epithe- lial cells were ßattened, and the internal folds promoted an expansion of organ volume, facilitating greater accumulation of food (Dennell 1942 , Snodgrass 1993 . The epithelial cells exhibited characteristics related to protein synthesis, because of the presence of free ribosomes, mitochondria, rough endoplasmic reticulum, and nucleoli (Alberts et al. 2010) . A great variety of digestive enzymes are found in the insect foregut (Balogun 1969a , Tartar et al. 2009 ), and they are concentrated in the crop (Baker et al. 1984 , Snodgrass 1993 . Some authors believe that crop epithelial cells are responsible for digestive enzyme synthesis, but most consider that digestion in this region is attributable to the regurgitation of enzymes from the midgut or salivary glands (Dennell 1942 , Baker et al. 1984 , CruzÐLandim 2009 , Tartar et al. 2009 ). Although the origin of these enzymes has not been completely established, it is highly likely that besides serving as a temporary food storage compartment, the insectÕs crop acts as a precursor for the digestive process, as the food undergoes initial degradation within it.
The bacteria observed in the S. zeamais crop lumen may be extracellular endosymbionts, as they did not occur in the midgut (de Sousa and Conte 2013) to be considered contaminants. Endosymbionts are commonly observed in insects that feed on nutritionally poor diets (Chapman 1998 , Gusmão et al. 2007 ). They can complement nutritionally poor diets (Yassin 2005) , and assist with carbohydrate metabolism (Gusmão et al. 2007 , Tartar et al. 2009 ). The function of the bacteria found in the crop of S. zeamais requires further investigation.
The complexity of the proventriculus is directly linked to the consistency of the alimentary diet (Balogun 1969b , CruzÐLandim 2009 ). In S. zeamais, this organ was highly developed to grind the solid particles of the grains that the insect consumes. The morphology of the proventriculus of S. zeamais was similar to that of the other weevils, and the lumen containing eight chitinous teeth may be a characteristic of the Curculionidae family, as described by Dennell (1942) , Eaton (1942) , Judd (1952) , Kissinger (1963) , Balogun (1969b) , Baker et al. (1984) , Sánchez et al. (2000) , Rubio et al. (2008) , and Bu and Chen (2009) . In other insects such as Periplaneta americana (Blattodea), Davey and Treherne (1963) showed six chitinous teeth in the proventriculus, and Serrão (2001 Serrão ( , 2005 Serrão ( , 2007 described four thick folds in the proventricular walls of Hymenoptera.
The chromatin in the epithelial cells of the proventriculus of S. zeamais indicated that they were in interphase, and in the cytoplasm, the high number and morphological variation of the mitochondria suggested a high energy requirement, similar to that observed by SilvaÐOlivares et al. (2003) in the midgut cells of Dendroctonus spp. (Coleoptera: Scolytidae). Although the midgut is the primary organ responsible for lipid absorption, Turunen and Crailsheim (1996) mentioned that these biomolecules may cross the cuticular layer of the foregut. In insects, lipases hydrolyze triglycerides from the diet into monoglycerides, free fatty acids, and glycerol (Canavoso et al. 2001) . In S. zeamais, the products of lipases may possibly have spread into the proventriculus epithelial cells, where they were re-esteriÞed into triglycerides and stored in lipid droplets. The absorption of fatty acids and the re-esteriÞca-tion into triglycerides were demonstrated previously in the crop of P. americana (Hoffman and Downer 1976) , and the absorption of sterol lipids commonly occurs in stomodeal organs, as demonstrated in Orthoptera, Hymenoptera, and Coleoptera by Joshi and Agarwal (1977) and in Blattodea by Clayton et al. (1964) and Joshi and Agarwal (1976) .
In S. zeamais, external musculature contraction compressed the size of the proventriculus bulb, approximating the teeth within the lumen, and frequent contraction and relaxation facilitated grinding of the food and its passage to the midgut. Thus, the food was broken down by the cooperation between the proventriculus and the digestive enzymes found in the foregut. The relaxation of the stomodeal valve allowed the passage of the food to the midgut, and its contraction blocked food from returning to the foregut. Thus, in S. zeamais, the proventriculus was responsible for limiting the transport of large and nondigestible particles to the midgut, as described in other insects by Dennell (1942) , Eaton (1942) , Sánchez et al. (2000) , and Rubio et al. (2008) . In addition, the stomodeal valve controlled the unidirectional ßow of food through the alimentary canal, preventing regurgitation of intestinal contents, as observed by Sánchez et al. (2000) , Volf et al. (2004) , and Bu and Chen (2009) . In disease vector mosquitoes, parasites bound in the epithelial cells of the valve induce changes in its structural and functional characteristics, resulting in the regurgitation of intestinal contents, and facilitating the transmission of the parasites into their vertebrate hosts (Volf et al. 2004) . Therefore, the stomodeal valve structure may be responsible for successful digestion, as structure alterations may interfere with its function, resulting in deÞcient food ingestion by the insects.
Internal morphology studies facilitate the establishment of phylogenetic relationships among insects, and the structural and functional characterization of the crop and proventriculus of S. zeamais is necessary to better understand its digestion physiology. Consequently, the crop was determined to be responsible for storing and predigesting food, and the proventriculus was responsible for limiting the transport of nondigestible particles to the midgut. This study showed that prokaryotic microorganisms were present within the S. zeamais crop lumen; however, further research is needed to establish the association between these microbes and the insectÕs metabolic processes.
